Bright white light electroluminescent devices based on a dye-dispersed polyfluorene derivative
A series of efficient and bright white light-emitting diodes were fabricated using the blends of two fluorene-derived fluorescent dyes, ͑4 , 7-bis-͑9,9,9Ј ,9Ј-tetrahexyl-9H ,9ЈH-͓2,2Ј͔bifluoren-7-yl͒-benzo͓1,2,5͔thiadiazole͒ (FFBFF-emits green) and ͑4 , 7-bis-͓5-͑9 , 9-dihexyl-9H-fluoren-2-yl͒-thiophen-2-yl͔-benzo͓1,2,5͔thiadiazole͒ (FTBTF-emits red) in an efficient blue-emitting polyfluorene-derived copolymer ͑poly͓͑9 , 9-bis͑4-di͑4-n-butylphenyl͒aminophenyl͔͒͒-stat-͑9 , 9-bis͑4-͑5-͑4-tert-butylphenyl͒-2-oxadiazolyl͒-phenyl͒͒-stat-͑9 , 9-di-n-octyl͒fluorene͒ (PF-TPA-OXD). The resulting white light-emitting device reaches a maximum external quantum efficiency of 0.82% and a maximum brightness of 12 900 cd/ m 2 at 12 V. The Commission Internationale d'Énclairage chromaticity coordinates of the device remain very close to that of pure white emission at a relatively broad bias range from 6 V ͑x = 0.36, y = 0.37͒ to 12 V ͑x = 0.34, y = 0. dye-doped multilayer structures through interlayer sequential energy transfer, [3] [4] [5] controlling exciton diffusion, 6,7 triplet excimers in electrophosphorescent material, 8 and blends of polymers. 9, 10 One critical issue in the dye-doped systems is to prevent the single emission from the lower energy dopant resulting from the cascade energy transfer. Ideally, multiple emissions from both the host and the dopants should cover the required spectrum for white light. This can be achieved by controlling the concentration of the dopants and the thickness of the emissive layer or the hole-blocking layer.
In this letter, we demonstrate efficient white light emission from double-layer LEDs with green and red dyes dispersed in a very efficient blue-emitting host polymer. Figure 1 shows the chemical structures of a highly efficient blue-emitting polymer, ͓poly͑9, 9-bis͑4-di͑4-n-butyl-phenylaminophenyl͒͒-stat-͑9 , 9-bis ͑4-͑5-͑4-tert-butylphenyl͒-2-oxadiazolyl͒-phenyl͒͒-stat-͑9 , 9-di-noctyl͒flouorene͔͒ (PF-TPA-OXD) containing both hole-and electron-transporting moiety as side chains, 11,12 a greenemitting dye (FFBFF), 13 and a red-emitting dye (FTBTF).
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Both the green-and red-emitting dyes are the derivatives of fluorene in order to enhance their compatibility with the host polymer and avoid phase separation. The EL devices were fabricated on an ITO-coated glass substrate that was precleaned and treated with oxygen plasma before use. A layer of 20-nm-thick poly(ethylenedioxythiophene): polystyrene sulfonate (PEDOT, Bayer Co.) was deposited first by spincoating from its aqueous solution ͑1.3 wt % ͒ and annealed at 160°C for 10 min under nitrogen. An emissive layer with green-and red-emitting dyes dispersed in PF-TPA-OXD was then spin-coated at 2000 rpm from its toluene solution ͑ϳ15 mg/ mL͒ on top of the PEDOT layer. The typical thickness of the emissive layer was about 50 nm. Afterward, a layer of Ca ͑30 nm͒ was vacuum deposited (at ϳ1 ϫ 10 −6 Torr) on top of the emissive layer as cathode and finally a layer of Ag ͑120 nm͒ was deposited as the protecting layer.
As shown in Fig. 2(a) , the electroluminescence (EL) spectrum of PF-TPA-OXD shows the typical emission of polyfluorene with two intense peaks at 425 and 450 nm and a small shoulder peak at 480 nm. The UV-visible (UV-vis) and photoluminescence (PL) spectrum of FTBTF in chloroform solution show the maximum peaks at 415 and 550 nm, respectively. Both the absorption and emission of FFBFF were redshifted due to the effect of charge transfer from fluorene to the electron-deficient benzothiadiazole moiety. In addition, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of FFBFF estimated from the results of cyclic voltammogram and UV-vis spectrum are −5.73 eV and −3.32, respectively. Compared to FFBFF, the peaks of the absorption and emission spectrum of FTBTF are even more redshifted (506 and 660 nm, respectively) because of the stronger charge transfer effect between the electron-donating thiophene rings and the benzothiadiazole in this compound In principle, the cascade energy transfer (Föster or Dexter type energy transfer) from the host (PF-TPA-OXD) to FFBFF and then to FTBTF should occur because the EL spectrum of PF-TPA-OXD overlaps well with the absorption spectrum of FFBFF and the PL spectrum of FFBFF also overlaps well with the absorption spectrum of FTBTF. However, the energy transfer efficiency is also very sensitive to Fig. 3(b) ], which is quite insensitive to the applied voltage and is close to that of the ideal CIE chromaticity coordinate for pure white color, i.e., x = 0.33, y = 0.33. Figure  3 spectrum of device 2. The EL intensity of FFBFF at 520 nm is decreased and FTBTF at 586 nm is increased, indicating that the spectral change is proportional to the concentration of dyes. As shown in the inset of Fig. 4(b) , the CIE coordinate of device 2 changes form ͑x = 0.36, y = 0.37͒ at 6.0 V to ͑x = 0.34, y = 0.34͒ at 12.0 V, which are also quite insensitive to the applied voltage and are very close to that of the pure white color. As shown in Fig. 4(b) , the turn-on voltage of device 2 is the same as that of device 1. The maximum external quantum efficiency is 0.89% at a voltage of 10.0 V with a current density of 0.41 A / cm 2 . The maximum brightness for white emission as depicted in Fig. 4(b) is 12 900 cd/ m 2 at a voltage of 12.5 V and a current density of 1.23 A / cm 2 . The efficiencies at maximum brightness are 0.61%, 1.05 cd/ A, and 0.29 lm/ W, respectively. At a bias of 7.0 V, the brightness, current density, and external quantum efficiency are 263 cd/ m 2 , 0.056 A / cm 2 , and 0.27%, respectively. The CIE coordinate of both devices shifted slightly toward blue-emitting region when the applied voltage was increased. This is because at higher voltages, the high-energy states in the blend start to get populated since most of the low energy states have already been filled. This also increases the relative intensity of blue emission. 14 In summary, bright white light-emitting diodes based on the dispersion of two dyes in a polyfluorene derivative has been presented. Through a balanced charge injection and transport of the host polymer and the carefully controlled dye concentrations, the resulting devices reach high external quantum efficiency and brightness of 0.82%, 15 800 cd/ m 2 and 0.89%, 12900 cd/ m 2 , respectively. The devices also show relatively high efficiency and brightness at low applied voltages. The chromaticity coordinates of these devices are very close to that of the pure white color and remain very stable at a relatively wide bias range from 6.0 to 12.0 V.
